† Background Pyridine nucleotides are essential for electron transport and serve as co-factors in multiple metabolic processes in all organisms. Each nucleotide has a particular role in metabolism. For instance, the NAD/ NADP ratio is believed to be responsible for sustaining the functional status of plant cells. However, since enzymes involved in the synthesis and degradation of NAD and NADP have not been fully identified, the physiological functions of these co-enzymes in plant growth and development are largely unknown. † Scope This Botanical Briefing covers progress in the developmental and stress-related roles of genes associated with NAD biosynthesis in plants. Special attention will be given to assessments of physiological impacts through the modulation of NAD and NADP biosynthesis. † Conclusions The significance of NAD biosynthesis in plant development and NADP biosynthesis in plant stress tolerance is summarized in this Briefing. Further investigation of cells expressing a set of NAD biosynthetic genes would facilitate understanding of regulatory mechanisms by which plant cells maintain NAD homeostasis.
INTRODUCTION
Pyridine nucleotide co-enzymes are essential metabolites for numerous redox reactions in living organisms (Berger et al., 2004; Hunt et al., 2004; Noctor et al., 2006) . Nicotinamide adenine dinucleotide (NAD) and its derivative NADP are traditionally known as the central metabolites orchestrating plant cellular redox homeostasis. These nucleotides also play vital roles in signalling via the generation and scavenging of reactive oxygen species (ROS; Mittler et al., 2004) and in systems controlling adaptation to environmental stresses such as UV irradiation, salinity, heat shock and drought (Amor et al., 1998; Chai et al., 2005 Chai et al., , 2006 . In addition to functional roles in redox regulation, recent evidence suggests new roles for NAD and its derivatives in regulating complex cellular processes, including transcriptional regulation and microtubule metabolism via NAD-dependent deacetylation and/or mono/ poly(ADP-ribos)ylation, and intracellular Ca 2þ signalling via NAD-derived cyclic ADP-ribose (Imai et al., 2000; North et al., 2003; Sanchez et al., 2004; De Block et al., 2005) . These cellular events are accompanied by a decrease in cellular NAD level independently of redox reactions. A by-product of these reactions is free nicotinamide. Interestingly, a deficiency of poly(ADP-ribose) polymerase (PARP) alleviates the NAD decrease and ATP consumption, resulting in enhanced tolerance to drought, heat and high-light stresses (De Block et al., 2005) . To avoid cell death due to NAD depletion, plant cells possess a mechanism for maintaining cellular NAD levels, i.e. NAD is immediately re-synthesized when the level is decreased. Recent advances in the characterization of the Arabidopsis NAD biosynthetic genes has shed light on the significance of NAD biosynthesis in various developmental processes, including seed germination and pollentube growth (Hashida et al., 2007; Hunt et al., 2007) . Unlike a variety of genes encoding NAD catabolic enzymes, the genes responsible for each step of NAD biosynthesis consist of just a single or only a very few copies in the genome of Arabidopsis (Hunt et al., 2004; Noctor et al., 2006) .
In this review, we mainly discuss the biological significance of genes associated with NAD and NADP biosynthesis in plants. Special attention will be focused on nicotinate/nicotinamide mononucleotide adenylyltransferase (NMNAT) as a key enzyme in NAD biosynthesis and on NAD kinase 2 (NADK2) as a key enzyme in chloroplastic NADP biosynthesis.
AtNMNAT: A KEY GENE IN NAD BIOSYNTHESIS
Historically, because of the housekeeping role of NAD in the fine-tuning of cellular homeostasis through primary and secondary metabolism, the functional significance and the regulatory mechanisms of NAD biosynthesis have received little attention. Recently, several genes involved in NAD biosynthesis have been identified, as summarized in Fig. 1 . In brief, aspartate serves as a precursor in the de-novo synthesis of NAD in Arabidopsis (Katoh et al., 2006) . After the formation of quinolinate from aspartate and dihydroxyacetone phosphate by aspartate oxidase plus quinolinate synthase, quinolinate is converted to nicotinate mononucleotide (NaMN) by quinolinate phosphoribosyltransferase. Subsequently, NaMN is converted by adenylylation to nicotinate adenine dinucleotide (NaAD), followed by amidation of NaAD to NAD as the final step of NAD biosynthesis. NAD utilization is shown by thick arrows in Fig. 1 . Besides redox reactions, * For correspondence. E-mail uchimiya@iam.u-tokyo.ac.jp NAD acts as a substrate for (cyclic)ADP-ribose generation, poly(ADP-ribos)ylation, protein deacetylation, and so on, during which processes NAD is broken down to nicotinamide. In combination with the de-novo synthetic pathway, Arabidopsis uses a salvage pathway in which NaMN is formed from nicotinamide through two enzymatic steps (Katoh et al., 2006; Wang and Pichersky, 2007) . Since nicotinamide is a product of NAD degradation, the latter case is the Arabidopsis, and mammals (uniquely the two-step salvage pathway). Arabidopsis produces NaMN using a combination of the de-novo pathway ( pink background) and the four-step salvage pathway (blue background). Synthesis of NAD from NaMN through NaAD is common to both pathways, here designated the 'common pathway' (green background). The mammalian two-step salvage pathway is also shown ( purple background). Enzymatic properties of Arabidopsis NMNAT make feasible both the catalysis of NaMN to NaAD in the common pathway and of NMN to NAD in the two-step salvage pathway. Metabolites unidentified in Arabidopsis are ringed by a dashed line. Thin arrows indicate metabolic conversion in NAD biosynthesis and the thick arrows indicate NAD degradation and consequent Nam production by PARPs or NAD glycohydrolases and NMN production by Nudix hydrolases. Abbreviations: Asp, aspartate; FAD, flavin adenine dinucleotide; DHAP, dihydroxyacetone phosphate; Qa, quinolinate; PRPP, 5 0 -phosphoribosyl-1 0 -pyrophosphate; Ppi, pyrophosphate; NaMN, nicotinate mononucleotide; NaAD, nicotinate adenine dinucleotide; Gln, glutamine; Glu, glutamate; (c)ADPR, (cyclic)ADP-ribose; PRO, protein; Acetyl-H, acetylated histone; Nam, nicotinamide; NMN, nicotinamide mononucleotide; Na, nicotinate; R1P, ribose 1-phosphate; Pi, phosphate; NaR, nicotinate riboside; QPRT, quinolinate phosphoribosyltransferase; NMNAT, nicotinate (and/or nicotinamide) mononucleotide adenylyltransferase; NADS, NAD synthetase; NAD ppase, NAD pyrophosphatase; NADase, NAD glycohydrolase (NAD nucleosidase); PARP, poly(ADP-ribose)polymerase; SRT2, homologues of the yeast Silent Information Regulator 2 protein; NPRT, nicotinamide phosphoribosyltransferase; NIC, nicotinamidase; NaPRT, nicotinate phosphoribosyltransferase; NuP, nucleoside phosphorylase; NaRK, nicotinate riboside kinase.
so-called NAD recycling system. The nature of plant NAD recycling is quite different from that of mammals because nicotinate synthesis from nicotinamide is absent in mammals (Chappie et al., 2005) . In mammals, phosphoribose is transferred directly to the pyridine ring by nicotinamide phosphoribosyltransferase (Revollo et al., 2004; Wang et al., 2006) . NAD is then produced from nicotinamide mononucleotide (NMN) by adenylylation. Bifunctional NaMN/NMN adenylyltransferase (NMNAT), which catalyses the conversion both of NaMN to NaAD and of NMN to NAD þ , is important in mammals (Raffaelli et al., 2002) . Consistently, the catalytic properties of human NMNATs (NMNAT1, NMNAT2 and NMNAT3) and their subcellular compartmentalization have pointed to non-redundant functions in NAD biosynthesis (Berger et al., 2005) .
There is only one NMNAT-encoding gene in Arabidopsis (At5g55810: AtNMNAT), so that the AtNMNAT gene is responsible for all NAD biosynthesis. Understandably, atnmnat homozygous plants could not be isolated (Hashida et al., 2007) , supporting the suggestion that AtNMNAT is indispensable and is a prerequisite for NAD biosynthesis. Other mutant studies have indicated that quinolinate phosphoribosyltransferase (QPT) is also essential in de-novo NAD biosynthesis (Katoh et al., 2006) . In addition to the genetic evidence, biochemical analysis also demonstrates the importance of AtNMNAT in NAD biosynthesis. Unlike in mammals, it is still unknown whether the NAD synthetic process from NMN is present or absent in plants. At least, AtNMNAT, like mammalian NMNAT, can also transfer phosphoribose to the pyridine ring of NMN (Hashida et al., 2007) . So, if the 'NMN to NAD pathway' exists in Arabidopsis, AtNMNAT should be a rate-limiting factor. As described above, the NaMN adenylyltransferase activity contributes to both the de-novo and the four-step recycling pathways in plants. Another salvage pathway remained elusive until the detection of nicotinate riboside (NaR) kinase activity in mung bean seedlings (Matsui and Ashihara, 2008) . The discovery of this activity indicates the presence of an alternative synthetic pathway for NaMN from NaR in plants. Thus, the de-novo, salvage and alternative pathways converge onto NaMN synthesis, suggesting the functional importance of AtNMNAT in the plant. Further studies are needed to determine the cellular compartment in which AtNMNAT catalysis occurs, and also to explore whether its enzymatic properties could be influenced by the metabolic profile of NAD and its precursors or products.
Comparison of amino acid sequences suggests that the enzymatic properties of AtNMNAT are different from those of individual human NMNATs.
NAD AND NADP BIOSYNTHESIS IN PLANT DEVELOPMENT
Recently, phenotypic analyses of Arabidopsis NAD biosynthetic mutants have emphasized the functional importance of this biosynthesis in plant developmental processes (Hashida et al., 2007; Hunt et al., 2007) . A T-DNA insertion loss-of-function atnmnat mutant is lethal but even the heterozygous atnmnat mutant is distinguishable from other NAD biosynthetic mutants based on phenotypic abnormality. Frequent production of shorter siliques due to male gametophytic malfunction suggests an essential role of NAD biosynthesis in pollen fertility. Based on the traditional interpretation of NAD biosynthesis, the pollen mother-cell disperses NAD co-enzymes equally when it generates four microspores. Correspondingly, an AtNMNAT promoter -reporter fusion suggests prominent NAD biosynthesis before microspore separation, most likely during pollen meiosis. In addition, high AtNMNAT promoter activity was shown during pollen maturation (Fig. 2) . Since pollen mitosis I generates non-equivalent sister cells (namely, a vegetative cell and a sperm cell that have subtly different cytoplasm), the NAD synthesis in the latter stage is likely to be involved in developing normal cellular function. The atnmnat mutant pollen has a lower NAD content and is unable to elongate its pollen-tube after germination, supporting the suggestion that ongoing NAD biosynthesis is important to pollen development. A number of studies have The pollen mother-cell (PMC) develops four male gametophytes surrounded by callose (light blue). NAD biosynthesis in the PMC continues until microspore separation by callose degradation, and a high level of NAD is maintained during pollen meiosis. When the NAD level decreases, the microspore re-activates this biosynthesis either during or just after pollen mitosis II (PM II). Wild-type pollen responds to a germination cue (green arrow) and vigorously elongates the pollen-tube. The atnmnat mutant pollen germinates but the tube tip is abnormally filled with callose and fails to elongate normally. Arrows indicates developmental flow.
investigated Arabidopsis pollen development and metabolic regulation. A number of metabolic pathways operating during pollen maturation and tube growth (e.g. the synthesis of lipids, cell wall components and amino acids) are highly dependent on NAD co-enzymes. Recent microarray data indicate the gene expressions of NAD-dependent and NAD-degrading enzymes in pollen (http://bar.utoronto.ca/efp/ cgi-bin/efpWeb.cgi; Winter et al., 2007) . Mammalian poly(ADP-ribose) polymerase associated with prominent NAD biosynthesis is shown to be involved in male gametogenesis and spermiogenesis (Di Meglio et al., 2003; Dantzer et al., 2006) . To test whether the model claimed in mammals can be adapted to plants, genetic identification of NAD-degrading enzymes expressed during pollen development would be needed. Despite plants having single or only a few copy numbers of genes for the enzymes catalysing the reactions of NAD biosynthesis ( Fig. 1) , there are a large number of redundant NAD-dependent or NAD-degrading genes in plants. For example, Arabidopsis contains 27 genes encoding Nudix (nucleoside diphosphates linked to some moiety X) hydrolases (AtNudix1 to 27), some of which can catalyse the conversion of NAD to NMN in vitro (Wang et al., 2002; Ogawa et al., 2005) . Since most mutants of Nudix hydrolases exhibit no phenotypic differences from the wild type, these genes have redundant functions (Ogawa et al., 2008) . Therefore, it is quite difficult to identify genes encoding NAD-degrading enzymes responsible for the maintenance of plant development by use of homology-dependent computational searches. However, the recent characterization of NAD biosynthetic genes can help to define the NAD-degrading genes responsible for particular cellular events, including pollen germination and tube growth. If the NAD-degrading cells require concurrent NAD biosynthesis to prevent NAD depletion, identification of the site expressing the NAD biosynthetic gene will enable determination of the site of NAD-degrading reactions contributing to cellular function. For example, the expression pattern of the nicotinamidase gene, NIC2, has suggested its functional role in salvage synthesis during seed germination (Hunt et al., 2007) . Since NAD-degrading, nicotinamideproducing enzymes [e.g. poly(ADP-ribose) polymerases (PARP1, PARP2, PARP3)] in plants could be inhibited by nicotinamide, a lack of NAD recycling in the nic2-1 mutant results in NAD increase. Interestingly, seed germination of the nic2-1 mutant is delayed. Changing the NAD concentration in seeds probably affects an NAD-dependent reaction that is necessary for seed germination. Here, PARP3 is a plausible candidate for an NAD-degrading enzyme because of the similar expression pattern to NIC2. Future studies will elucidate the functional roles of this NAD-degrading enzyme in seed germination, in combination with mutant analysis.
In a recent study, a relationship between NAD levels and the depth of seed dormancy has been reported (Hunt and Gray, 2008) . Here, NADP concentration was inversely proportional to NAD concentration and to dormancy, suggesting a fundamental mechanism regulating NAD concentration and/or NAD/NADP ratio by tuning the balance between NADP biosynthesis and NADP catabolism. Genes encoding NADP catabolic enzymes are unknown; however, NAD kinases (NADK1 to 3), which are NADP synthetic enzymes, are well known in Arabidopsis (Fig. 3 ). NADK1 and NADK3 are located in the cytosol, whereas NADK2 is in the chloroplast (Turner et al., 2004; Berrin et al., 2005; Chai et al., 2005 Chai et al., , 2006 . A nadk2 mutant showed pale green rosette leaves with growth retardation; however, no morphological or developmental abnormalities were observed in loss-of-function mutants of the cytosolic NAD kinases under standard growth conditions (Chai et al, 2005; Takahashi et al., 2006) . The decreased chlorophyll content of the nadk2 mutant may be due to a suppression of NADPH:protochlorophyllide oxidoreductase gene expression, suggesting that NADK2 is a key enzyme in chlorophyll synthesis. NADK2 appears to produce a large amount of NADP in leaves because the mutant exhibits a substantial decrease in total extractable NADK activity. Energy dissipation and zeaxanthin accumulation were increased in the nadk2 mutant, suggesting that depletion of chloroplastic NADPH inhibits zeaxanthin epoxidase activity (Takahashi et al., 2006) . Since zeaxanthin epoxidase is involved in abscisic acid (ABA) biosynthesis (Barrero et al., 2005) , ABA-related physiological processes such as stomatal movement may be influenced by chloroplastic NADP biosynthesis. Thus, NADK2 appears to be functionally distinct from NADK1 and NADK3 with respect to plant development.
NAD AND NADP BIOSYNTHESIS IN PLANT STRESS RESPONSES
Besides accumulating evidence on their developmental roles, the NAD-consuming events are traditionally well known to play a part in biotic and abiotic stress responses. Although the mechanisms are still uncertain, the level of poly(ADP-ribose) (PAR) that is synthesized from NAD is proportional to stress severity (Leist et al., 1997; Ha and Snyder, 1999) . Interestingly, down-regulation of PARP enhances stress tolerance, possibly owing to a decrease in NAD consumption in the plant (De Block et al., 2005) . Reduced NAD consumption may influence plant metabolism and signal transduction. One noteworthy example is an increase in ABA level, which results in induction of several defence-related genes (Vanderauwera et al., 2007 Barrero et al., 2005) . In this respect, Takahashi et al. (2006) confirmed that chloroplast NAD kinase is essential for the proper photosynthetic machinery of PSII and the xanthophyll cycle. Thus, the disturbance of NAD homeostasis shows pleiotropic effects in the response to stresses. Unlike genes responsible for the common pathway in Fig. 1 , NAD kinase-encoding genes have distinct functions as described above. As mentioned earlier, NAD and NADP are essential as co-factors for electron transport and metabolic processes in many organisms. Each nucleotide has a particular role in metabolism: for example, NAD is used primarily in respiratory ATP production whereas NADP is used in reductive biosynthesis. Furthermore, a decrease in the NAD/NADP ratio is tied directly to increasing photosynthetic activity in cyanobacteria (Tamoi et al., 2005) . When higher plants are grown under stressful environments, the reduced form of cytosolic NADP (NADPH) is produced in the pentose phosphate pathway by glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase and plays critical roles in the generation of ROS and in the production of anti-oxidants as ROS scavengers. In fact, Arabidopsis NADK1 and NADK3 are inducible by exposure to abiotic stresses such as methyl violgen-induced oxidative stress, high salinity and osmotic shock (Berrin et al., 2005; Chai et al., 2006) . In addition, calmodulin (CaM) -dependent NADK activity is known to be enhanced by elicitors such as cellulase, harpin and incompatible bacteria in tobacco suspension cells (Karita et al., 2004) and by cold stress in greenbean (Ruiz et al., 2002) . Because a major generator of plant ROS is NADPH-oxidase, increased NADPH can be rate-limiting for ROS production (Murata et al., 2001; Torres et al., 2002) . Nonetheless, enhanced sensitivity to ROS stress was observed in NADK-deficient mutants (Berrin et al., 2005; Chai et al., 2005 Chai et al., , 2006 ; also, decreased activity of NADK was observed in response to salinity and drought (Zagdanska, 1990; Delumeau et al., 2000) . In conclusion, it is logical to infer that NADP biosynthesis plays an important role in ROS scavenging.
